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1
DOHERTY POWER AMPLIFIER CIRCUIT

TECHNICAL FIELD

The invention relates to a Doherty power amplifier circuit
and particularly, although not exclusively, a post-matching
Doherty power amplifier circuit with extended back-off
range based on seli-generated harmonic 1njection.

BACKGROUND

In modern third generation (3G), fourth generation (4G)
and future (5G or above) wireless communication systems,
the use of modulated signals with high peak to average
power ratios (PAPRs) causes a large variation in the 1nstan-
taneous output power. As a result, power amplifiers (PAs) in
base stations of these wireless communication systems are
required to maintain high efliciency over a larger dynamic
range from extended back-ofl to saturation. Due to the larger
power ratio between the auxiliary power amplification
device (“peaking device”) and main power amplification
device (*carnier device”) at saturation, asymmetrical drain
biased Doherty power amplifier circuits, with lower drain
bias at the main power amplification device, 1s widely
adopted to extend the back-off region. However, this
approach 1s limited by the poor linearity at back-ofl point.

There 1s a need to provide a Doherty power amplifier
circuit that 1s compact, has simple structure, 1s easy to
manufacture, and can provide improved efliciency.

SUMMARY OF THE INVENTION

It 1s an object of the mvention to address the above needs,
to overcome or substantially ameliorate the above disadvan-
tages or, more generally, to provide an improved Doherty
power amplifier circuit, or an 1mproved Doherty power
amplifier.

In accordance with a first aspect of the invention, there 1s
provided a Doherty power amplifier circuit, comprising: a
main power amplification device; an auxiliary power ampli-
fication device arranged in parallel with the main power
amplification device; and a load modulation circuit com-
prising a harmonic 1njection circuit connected with respec-
tive outputs of the main power amplification device and the
auxiliary power amplification device, wherein the harmonic
injection circuit 1s arranged to transfer harmonic compo-
nents generated at the main power amplification device to
the auxiliary power amplification device and harmonic com-
ponents generated at the auxiliary power amplification
device to the main power amplification device, when both
the main and auxiliary power amplification devices are
operating, for modulating the respective outputs of the main
power amplification device and the auxiliary power ampli-
fication device. The main power amplification device 1s also
known as a “carrier device” and the auxiliary power ampli-
fication device 1s also known as a “peaking device”. The
harmonic 1njection circuit preferably has a high pass or band
pass Irequency response.

Preferably, the Doherty power amplifier circuit 1s free of
additional power amplification device for amplifying har-
monic components generated by the main power amplifica-
tion device and the auxiliary power amplification device.

The harmonic components generated at the main power
amplification device may comprise second-harmonic com-
ponents. In one embodiment, the harmonic components
generated at the main power amplification device include
only second-harmonic components, without higher order
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2

harmonic components. In another embodiment, the har-
monic components generated at the main power amplifica-
tion device include second-harmonic components and other
higher-order harmonic components. Preferably, the second-
harmonic components generated at the main power ampli-
fication device only tlow 1nto the harmonic injection circuit.

The harmonic components generated at the auxiliary
power amplification device may comprise second-harmonic
components. In one embodiment, the harmonic components
generated at the auxiliary power amplification device
include only second-harmonic components, without higher
order harmonic components. In another embodiment, the
harmonic components generated at the auxiliary power
amplification device include second-harmonic components
and other higher-order harmonic components. Preferably,
the second-harmonic components generated at the auxiliary
power amplification device only flow into the harmonic
injection circuit.

Preferably, the harmonic injection circuit i1s arranged to
provide a 180° phase shift for the second-harmonic compo-
nents.

Preferably, the harmonic injection circuit comprises: a
harmonic extraction circuit for selectively enabling transier
of the harmonic components through the harmonic 1njection
circuit; and an offset transmission line for affecting the phase
of the harmonic components during transier.

Preferably, the harmonic extraction circuit comprises: a
first transmission line; a second transmission line arranged
in series with the first transmission line; a coupling trans-
mission line arranged between the first and second trans-
mission lines; and a bypass element arranged to selectively
enable direct transier of harmonic components between the
first and second transmission lines.

A long axis of the first transmission line and a long axis
of the second transmission line may be aligned. The first
transmission line and the second transmission line may be of
the same length.

Preferably, the first transmission line, second transmission
line, coupling transmission line and the offset transmission
line form a continuous transmission line.

Optionally, the first transmission line, second transmis-
sion line, coupling transmission line and the oflset trans-
mission line have the same width.

Preferably, the coupling transmission line 1s grounded,
and more preferably, single-grounded.

Preferably, the coupling transmission line comprises: a
first portion arranged to extend perpendicular to the first
transmission line; a second portion arranged to extend
perpendicular to the second transmission line; and a third
portion arranged to connect the first and second portions.
The first portion may be parallel to (in terms of the extension
direction) the second portion. The third portion may be
grounded.

Preferably, the bypass element comprises a capacitor.
Preferably, the bypass element 1s a capacitor. Alternatively,
the bypass element may be other electronic components
arranged or connected to provide a high-pass function.

Preferably, the offset transmission line 1s arranged to
introduce a 180° phase shift, in particular a 180° 1njection
phase shift, for the second-harmonic components.

Preferably, the load modulation circuit further comprises:
a first fundamental impedance inverter with an iput con-
nected with the output of the main power amplification
device and the harmonic 1njection circuit, and an output; a
second fundamental impedance inverter with an mput con-
nected with the output of the main power amplification
device and the harmonic injection circuit, and an output; and
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an oilset transmission line connected between the output of
the first fundamental impedance inverter and the output of
the second fundamental impedance inverter, the offset trans-
mission line 1s arranged to compensate for the phase differ-
ence between the fundamental components generated at the
main power amplification device and the fundamental com-
ponents generated at the auxiliary power amplification
device. The first and second fundamental impedance mvert-
ers may each form an LC-tank-equivalent circuit.

Preferably, the Doherty power amplifier circuit 1s an
asymmetrically Doherty power amplifier circuit in which the
auxiliary power amplification device has a higher power
capability than the main power amplification device. Alter-
natively, the Doherty power amplifier circuit can be a
symmetric Doherty power amplifier circuit, or an N-way
Doherty power amplifier circuit.

Preferably, the main power amplification device com-
prises a transistor biased to operate in Class AB mode; the
auxiliary power amplification device comprises a transistor
biased to operate 1 Class C mode. However, the main power
amplification device and auxiliary power amplification
device can be of any type and for different power applica-
tions.

The Doherty power amplifier circuit may be particularly
adapted for operation in WCDMA systems.

In accordance with a second aspect of the invention, there,
1s provided an electronic device comprising the Doherty
power amplifier circuit of the first aspect. The electronic
device may be, for example, a communication device, 1n
particular a wireless communication device. For example,
the communication device can be a mobile phone, tablet,
smart watch, IoT devices with communication function, etc.

In accordance with a third aspect of the invention, there
1s provided an electronic system comprising the Doherty
power amplifier circuit of the first aspect. The electronic
system may be, for example, a communication system, 1n
particular a wireless communication system. The electronic

system can include a base station for wireless communica-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described, by
way ol example, with reference to the accompanying draw-
ings in which:

FIG. 1 1s a high-level circuit diagram of the Doherty
power amplifier (DPA) in one embodiment of the invention;

FIG. 2 1s a functional block diagram of the DPA of FIG.
1, without the input side circuit, 1n one embodiment of the
invention;

FIG. 3 1s functional block diagram of the DPA of FIG. 2
during operation in back-off region;

FIG. 4 1s functional block diagram of the DPA of FIG. 2
during operation at saturation;

FIG. 5A 1s a graph showing the real part of simulated
drain 1impedances at center frequency i when the main
power amplification device (“carrier device”) of FIG. 2 1s at
fundamental (1 ), second (21,), and third harmonic (31 ) at
saturation;

FIG. 5B 1s a graph showing the imaginary part of simu-
lated drain impedances at center frequency £ when the main
power amplification device (“carrier device™) of FIG. 2 15 at
fundamental (1 ), second (21 ), and third harmonic (31 ) at
saturation;

FIG. 3C 1s a graph showing the real part of simulated
drain 1impedances at center frequency 1, when the auxiliary
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4

power amplification device (“peaking device™) of FIG. 2 1s
at fundamental (f ), second (21 ), and third harmonic (3t ) at
saturation;

FIG. 5D i1s a graph showing the imaginary part of simu-
lated drain impedances at center frequency I, when the
auxiliary power amplification device (“peaking device™) of
FIG. 2 1s at fundamental (f ), second (2f ), and third
harmonic (31 ) at saturation;

FIG. 6 1s a graph showing simulated real part of second-
harmonic drain impedance of the carrier device and of the
peaking device of FIG. 2 at different frequencies;

FIG. 7 1s a schematic diagram of the harmonic 1njection
circuit 1n the DPA of FIG. 1;

FIG. 8 1s a schematic diagram of the harmonic 1njection
circuit of FIG. 7 for operation with low frequency signal and
high frequency signal;

FIG. 9A 1s a S-parameter graph showing frequency
response of the harmonic extracting circuit of the harmonic
injection circuit of FIG. 7;

FIG. 9B 1s a Smith chart showing frequency response of
the harmonic extracting circuit of the harmonic injection
circuit of FIG. 7;

FIG. 10 1s a schematic diagram of the input side circuit of
FIG. 1 illustrating the dimensions of 1ts different parts in one
embodiment of the invention;

FIG. 11 1s a graph showing second harmonic phase
difference between the carrier device and the peaking device
of FIG. 2;

FIG. 12 1s schematic diagram showing the circuit (and its
equivalent circuit) of the fundamental impedance iverter 1n
the DPA of FIG. 1 1in one embodiment of the invention;

FIG. 13 1s a graph showing simulated phase shift of the
harmonic injection circuit of FIG. 7;

FIG. 14 1s a schematic diagram illustrating the load
modulation network (including the harmonic 1njection cir-
cuit, 2 fundamental impedance inverters, and offset trans-
mission line) of the DPA of FIG. 1 and 1ts dimensions in one
embodiment of the invention;

FIG. 15 1s a circuit diagram illustrating the equivalent
circuit of the load modulation network of FIG. 14 and a
post-matching network 1n one embodiment of the invention;

FIG. 16 1s a schematic diagram illustrating the post-
matching network 1n the DPA of FIG. 1 and its dimensions
in one embodiment of the invention;

FIG. 17 1s a photograph of a DPA fabricated based on the
configuration 1illustrated 1n FIG. 1;

FIG. 18 1s a photograph of an experimental set-up for
testing the performance of the DPA of FIG. 17;

FIG. 19 1s a graph showing simulated fundamental output
power at the carnier device and at the peaking device at
different iput power, for the cases with the harmonic
injection circuit (like the one of FIG. 17) and without the
harmonic 1njection circuit;

FIG. 20 1s a graph showing simulated drain efliciency
(DE) at different output power, for the cases with the
harmonic injection circuit (like the one of FIG. 17), without
the harmonic 1njection circuit, and using 6 dB DPA;

FIG. 21 1s an equivalent circuit of the device adopted for
the de-embedding and obtaining intrinsic drain wavelorms
of the carrier and peaking devices of the DPA of FIG. 17 at
saturation;

FIG. 22A 1s a graph showing the de-embedding drain
waveform of carrier device at saturation, obtained from the
DPA of FIG. 17 using the device of FIG. 21, for the cases
with harmonic mjection and without harmonic 1njection;

FIG. 22B 1s a graph showing the de-embedding drain
wavelorm of peaking device at saturation, obtained from the
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DPA of FIG. 17 using the device of FIG. 21, for the cases
with harmonic injection and without harmonic 1njection;
FIG. 23 1s a graph showing simulated saturated output

power ol an asymmetrical DPA with the configuration of

FIG. 17 at different frequencies, for the cases with harmonic
injection and without harmonic 1njection;

FIG. 24 1s a Smith chart showing simulated load condi-
tions of the DPA with the configuration of FIG. 17 at low
power and Doherty region over entire operating frequency
range;

FI1G. 25 1s graph showing simulated carrier and peaking
second-harmonic output power for different input power for
the DPA with the configuration of FIG. 17;

FIG. 26A 1s a Smith chart showing carrnier and peaking
intrinsic drain 1impedance of the DPA trajectories (funda-
mental) of the DPA of FIG. 17 at different input power
levels;

FIG. 26B 1s a graph showing carrier and peaking intrinsic
drain 1impedance of the DPA trajectories (second-harmonic)
of the DPA of FIG. 17 at different input power levels;

FIG. 27 1s a graph showing simulated and measured
small-signal performance of the DPA of FIG. 17;

FIG. 28 1s a graph showing measured drain efliciency
versus output power within entire operating frequency of the
DPA of FIG. 17;

FIG. 29 1s a graph showing measured gain at diflerent
output power within entire operating frequency of the DPA
of FIG. 17;

FIG. 30 1s a graph showing simulated and measured
saturated output power versus frequency of the DPA con-
figuration of FIG. 17,

FIG. 31 1s a graph showing measured adjacent channel
power ratio (ACPR) (lower) and average modulated efli-
ciency at different output power within entire operating
frequency of the DPA configuration of FIG. 17; and

FIG. 32 1s a graph showing the normalized power spec-
trum density of the DPA of FIG. 17 (1.75 GHz with an

average output power of 32.2 dBm) with and without using
digital pre-distortion (DPD).

DETAILED DESCRIPTION

The mventors of the mvention have devised, through
research and trials, that traditional Doherty power amplifier
(DPA) consists of two i1dentical active devices with sym-
metric biasing to achieve the required profiles of load
modulation, and 1t can 30 provide high efliciency from 6-dB
output back-ofl power to saturation. However, the more
ellicient digital modulation schemes with even higher peak
to average power ratios (PAPRs) have been adopted in
modern and future wireless communication systems. For
example, wideband code-division multiple access
(WCDMA) has a PAPR of 9.6 dB. Power amplifiers (PAs)
in base stations are therefore required to maintain high
elliciency over a larger dynamic range from extended back
ofl to saturation.

M. Iwamoto, A. Williams, P.-F. Chen, A. G. Metzger, L.
E. Larson, and P. M. Asbeck, “An extended Doherty ampli-
fier with high efficiency over a wide power range,” IELE
Trans. Microw. Theory Techn., vol. 49, no. 12, pp. 2472-
2479, December 2001 and X. H. Fang and K.-K. M. Cheng,
“Extension of high-efficiency range of Doherty amplifier by
using complex combining load,” IEEE Trans. Microw.
Theory Techn., vol. 62, no. 9, pp. 2038-2047, September
2014 have provided the analysis of the principle behind the
extended back off for Doherty topology.
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The inventors of the invention have also devised, through
research and trials, that in general, the output back ofl
(OBO) 1n decibel can be expressed as

OBO (dB)=10 log[(1+)B,] (1)

L= scxrp/PSﬂr,c (2)
6&?: sar.,.c/ I back-off.c (3 )
where P, , . and P, , reter to the saturated carrier and

peaking fundamental power and P,, ;. .+. 1s the back-off
carrier fundamental power.

Also, 1n conventional DPAs, the value of o and p ; can be
theoretically expressed as

P =1+

And the OBO range can be further expressed as
OBO (dB)=10 log[(1+a)"]

(4)

(3)

The mventors of the invention have accordingly realized
that the back-ofl range 1s solely determined by the saturated
power ratio between two transistors and consequently a
higher OBO necessitate the underutilization of the carrier
device (e.g., reduced drain bias). However, with the decrease
of carrier drain bias which 1s used for a wider back-ofl range,
the carrier device will sufler from being over-driven at back
ofl, which results in the deterioration of gain compression.
Considering that the DPA 1s widely recognized as a linear
PA, meaningiul back-oil extension should be achieved with
a good balance between etliciency and linearity. Clearly, the
conventional DPA, in particular asymmetrical drain biased
DPA, has limitations.

The inventors of the invention have also devised, through
research, experiments, and trials, that there are two major
targets that needs to be met 11 further back-ofl extension of
asymmetrical drain biased DPA 1s to be achieved:

1) The value of P, should be controlled independently,
which can be achieved with higher P_,, . while main-
taining Py, ;oo

2) The value of a 1n asymmetrical DPA (ADPA) should be
maintained, as the enhancement of P_,, = in the first
target, a higher P, 1s required to stop a reducing.

FIG. 1 shows a Doherty power amplifier (DPA) 100 1n one
embodiment of the invention. In this embodiment, the DPA
100 has an asymmetrical drain biased configuration. The
DPA 100 1n general includes an mput side network 102, a
main power amplification device 104 (“carrier device”)
connected with a biasing network, an auxiliary power ampli-
fication device 106 (“peaking device”) connected with a
biasing network, and an output side circuit 108 including a
load modulation network (LMN) and a post-matching net-
work (PMN).

The mput side network 102 includes an mput power
splitter (IPS) 110 connected at the input of the DPA 100, and
two parallel branches connected with the output of the IPS.
In the first (upper) branch, there 1s an offset line 112, an input
matching network (IMN) 114, a DC block 116, and a
stabilization network (SN) 18. The second (lower) branch
has an 1input matching network (IMN) 114, a DC block 116,
and a stabilization network (SN) 18.

The carner device 104, including a power transistor, 1s
connected 1n the first branch. In this example, the carrier
device 104 1s biased to operate 1n Class AB mode. A biasing
network with a gate bias 120 and a drain bias 122 1s
connected at two ends of the carrier device 104. The drain
bias 122 1n this example 1s 20V. A capacitor 124 1s arranged
at the output of the carrier device 104. The peaking device
106, including a power transistor, 1s connected 1n the second
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branch. In this example, the peaking device 106 1s biased to
operate 1n Class C mode. A biasing network with a gate bias
120 and a drain bias 122 1s connected at two ends of the
peaking device 106. The drain bias 122 1n this example 1s
28V. A capacitor 124 1s arranged at the output of the peaking
device 106. The asymmetrical drain biased carrier device
104 (at 20 V) and peaking device 106 (at 28 V) can be
considered as two current sources 1n phase quadrature.
Hence, the peaking device 106 behaves as a voltage con-
trolled current source providing the current to modulate the
load impedance of the carrier device 104 for Doherty
behavior.

The load modulation network of the output side circuit
108 includes, 1n general, a fundamental impedance iverter
(FII) 126 connected to the output of the carrier device 104,
a FII 126 connected to the output of the peaking device 106,
a harmonic mput network (HIN) 128 connected across the
two fundamental impedance inverters near the outputs of the
carrier and peaking devices 104, 106. An offset line (“offset
line 17) 130 1s connected across the two fundamental
impedance 1nverters, further away from the carrier and
peaking devices 104, 106 than the HIN 128.

The post-matching network (PMN) 132 1s arranged
between the load modulation network and the output of the
DPA 100, to which a load may be connected.

FIG. 2 shows the functional block diagram of the output
side circuit of FIG. 1. As shown 1n FIG. 2, the paths for the
two fundamental signals are combined at the combining
node 134 between the FII 126 of the carrier device 104 and
the PMN 132. This combined signal 1s transferred to the load
(in this example, 50€2) through the PMN 132, while the
second-harmonic components of carrier device 104 and
peaking device 106 are both 1njected nto the drain of each
other through the HIN (180°) 128, when the carrier device
104 and peaking device 106 are operating.

Operations of the asymmetrlcal drain biased DPA 100 of
FIG. 1 are different at back-off point and at saturation. FIGS.
3 and 4 1illustrate the operation of the DPA 100 of FIG. 1 at
back-off (FIG. 3) and at saturation (FIG. 4) respectively. In
FIG. 3, R, 0105 refers to the output impedance of carrier
branch at back-off point. R’ , . - refers to the output
impedance toward the peaking branch at back-off point.
2 pack-ope YEPTESents the drain impedance seen by the carrier
device 104 at back-off point. R~ refers to impedance
toward the peaking branch at harmonic extracting point. In
FIG. 4, R and R refer to the output impedance of

C.Sat .85at

carrier and peaking branch at saturation, respectively. Z_ .
and Z, .., represent the drain impedance seen by the carrier
device 104 and peaking device 106 at saturation, respec-
tively, while Ry, refers to the impedance seen toward the
carrier branch at the harmonic extracting point. R - », refers
to the impedance at the signal combining point. Collectively,
this 1s the overall load impedance of the load modulation
network.

Before the back-off point, only the carrnier device 104 1s
conducting with a resistive load impedance of R, at
R, poci-op With the high fundamental-impedance character-
1stic of HIN 128 and offset line 1 130 1n the load modulation
network, the peaking branch and HIN 128 appears as an
open circuit to the carrier branch. The values of R~ ,, and
R, pack-op-ar€ effectively the same. The load conditions are as

follows:

Rc‘, back-off at fD=RL (6)

R }J,bﬂﬂk—ﬂﬁ at fD:RHEC at fcr:m (7)

Reyatf,=R; (8)
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On the other hand, at saturation, both carrier device 104
and peaking device 106 are conductmg Offset line 1 130
compensates for the phase difference between the two
fundamental signals. In this region at the fundamental fre-
quency, R, should remain the same as R,. Correspond-

ingly, R, .., atf, 1s (1+o) times that of R;. Also, R, _, at{,
should be equal to (1+1/c¢) times R, . Moreover Ry g, should

be infinite to prevent the peaking fundamental signal leaking
into the HIN 128 and the carnier branch. The 1deal load

conditions are as follows:

at £ =(1+Cc))R, (9)

C sat

R . at f,=(1+1/00)

£

(10)

(11)

RHE_.T_‘? at fc::m

Reyatf=R; (12)

The operation of the harmonic 1njection network will be
described 1n further detail now. When the carrier device 104
and peaking device 106 reach saturation, both devices
generate large second-harmonic components, which are
used to advantage as no additional components are neces-
sary. To achieve this, an HIN 128 1s integrated into the
post-matching Doherty topology, as 1llustrated in FIG. 1. In
this example, the best performance for output power and
efficiency can be obtained when the phase of HIN 128 is
180° at 2f . B designing and arranging the HIN 128 to match
the impedance characteristics with the output impedances of
the carrier device 104 and peaking device 106 at second
harmonic, the second harmonic components of the carrier
device 104 and peaking device 106 only flow into the HIN
128 (1.e., do not leak further downstream).

The second harmonic component generated by the peak-
ing device (180°) 1s 1jected into the drain of carrier device
104 through the HIN 128 with 0°. The carrier drain wave-
forms with 1njected second harmonic from the peaking
device 106 can be written as

vp(wi) = Vpp + v1.C08(wi) + v2,C08(2wW1) + dpy ,C08(2w1) (13)

= Vpp + viCo8(wi) + (Voo + iy p)cos(2wi)

ip(wt) = Ipp — i1.€08(wW1) — i7.cO8(2wt) + by ,c08(2wi) (14)

= Ipp — i1cc08(Wwl) + by p — 2 )cos(2wi)

where V,,, and I, are the dc components of time-domain
signals, v, . and 1. (n=1, 2) are the voltage and current
components of the fundamental, second harmonics of the
carrier device 104, and a,,,; ,and b,,; , are the amplitudes of
the voltage and current of the injected second-harmonic
component from the peaking device 106, respectively.

In terms of voltage waveform, the peak amplitude can be
obtained when ®t=0, which 18 v, +v,. +a;,. ,, which
achieves an increase 1 amplitude for the voltage peak.
While for the current waveform, due to the presence of
self-generated second-harmonic current of the carrier device
104, the current waveform 1n amphitude 1s 1, —1,_.. When the
peaking second harmonic current Component (b ) 18
injected, the peak current amplitude 1s modulated to (1, —
1, +b;,; ,)» Which results 1n a higher value. Enhancements
can be seen 1n the carrier saturated amplitude of both voltage
and current. The carrier saturated output power (P__. ) can

be expressed as

Sat.c

Psar c_l'éx[(vl E+V2c‘+a1nj_p)(l 1 .:_32.:4'53’ (1 5)

17y} p)]
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More 1mportantly, there are nearly no second-harmonic
components which can be provided to the carrier device 104
at the back-off point because the peaking device 106 1s just
at “turn ON.” Hence, the back-off voltage 1s v, +v,_. due to
the voltage saturation characteristic of DPA, and the back-
off current 1s 1/(1+0) times 1, —1,. because of the load
condition mentioned in equation (10). Hence, P, .. ..
remains unchanged from the original ADPA

Pbac‘k—oﬁic: Y/2X [(V 1 c+v2c)((f 1 c_fz.':)/(l +(I))] (1 6)

By dividing equation (15) by equation (16), B, can be
calculated as

inj p bfnj_p (17)

)(1 +
Vie T V¢

ﬁ’d=(1+ ](1+ar)

I-l::' + I-Z::'

It can be observed from the above that the value 1n the first
bracket 1s always larger than 1. Similarly, 1, larger than 1,,.
1n the carrier amplifier, and hence, the second bracket 1s also
greater than 1. Compared with 3_=1+o of the asymmetrical
drain biased DPA without harmonic injection, the B , of DPA
of the present embodiment 1s enhanced by the injected
peaking second-harmonic components. Namely, the first
target (that 3, should be controlled independently) can be
satisfied by the harmonic mnjection concept in the present
embodiment.

While for the second-harmonic component generated by
the carrier device (0°) 104, it 1s 1njected into the drain of the
peaking device through HIN 128. The peaking drain wave-
forms with second-harmonic injection from the carrier
device 104 can be expressed as

vplwt + 90°) = (18)

Vbp + vipcos(wt + 90°%) + vy, cos(2(wt + 90°)) + ayy; cos(Zwt — 180%) =

Vop + vipcos(wt + 90°) + (va, + iy o )cos(Z2(wt + 90°))

ipwt +90°) = (19)

Ipp — i1pcos(wt +90°%) — iz ,co8(2(wt + 90°)) + by cos(Zwt — 180°) =

Ipp — i1pc08(wi + 90°) + (b o — izp)c0s(2(ewt + 90°))

where V,,,, and I, are the dc components of time-domain
signals, v, , and 1,,, (n=1, 2) are the voltage and current
amplitudes of fundamental, second harmonics of peaking
device, and a,,. .andb,, . . are the amplitudes of the voltage
and current of the injected second-harmonic component
from carrier device 104, respectively.

Similarly, for the carrier device 104, the enhanced P

can be written as

sat.p

(20

Psar,pzl’/z g [(V 1p+v2p+ﬂfnj_c)(f lp_fzﬁ_l_bfnj_c)]

By dividing equation (20) by equation (15), a can be
calculated as

_ (vlp T Vap T ﬂfﬁj_ﬂ)(flp - I—Zp T bfnj_::') (21)

(¥ =
(VI::' T V2o + Hfﬂjp)(flc — 2 + bfﬂj_p)

[vlp + V2p + anj_c )(flp — I-Zp + bfﬁj_::')
Vi T V2, T ﬂfnj_p flf: — fo: + bfnj_p

Considering that the value of a,,; . and a,,; . are relatively

small compared with (v,,+v,,) and (v,+v,.), the first
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bracket has small variations 1n value no matter what the
injected power are. Similarly, the value ot b, .andb,, .  are
also relatively small compared with (1,,-1,,) and (1, —1,.),
and so the second bracket has no significant impact on the
value with or without injected power. Hence, a of the ADPA
of the present embodiment 1s not influenced by both har-
monic 1njection. This achieves the second target (that o 1n
ADPA 1s maintained).

In M. D. Roberg, “Analysis and design of non-linear
amplifiers for efficient microwave transmitters,” Ph.D. dis-
sertation, Dept. Elect. Eng., Colorado Univ., Denver, Colo.,
USA, 2012, the electrical-impedance synthesis for arbitrary
impedance, by controlling the relative power and phase
between two excitation sources was demonstrated. When the
relative phase 1s 180° and the 1njected power 1s larger than
the source power, the negative real part of input impedance
can be obtained and vice versa.

According to equations (13), (14), (18), and (19), the sign
of Z_ at 2f, and Z, at 2f, depend on the value of injected
current component (b, , and b, ) and self-generated
current component (1,, and 1, ). Due to the use of asymmet-
ric drain biasing, the 2f power of peaking device 106 1s
larger than that of the carrier device 104. Correspondingly,
b,.; ,>1. and b, <1,,. Therefore, the negative real part ot
Z.. at 2f_ can be achieved, which leads to better offset
between carrier drain voltage and current waveform. On the
other side, the positive sign of Z,, at 2f , can also be obtained.
The corresponding drain-impedance conditions can be

expressed as

Real part of Z_ at 2f_<0,b (22)

irf 7 > e

Real part of Z, at 2f >0.b,,; .<i, (23)

FIGS. 5A to 5D show the simulated saturated drain
impedance at center frequency for carrier device 104 and
peaking device 106 at f_, 2f_, and 3f_, for real and 1imaginary
parts based on circuit dimensions given in FIGS. 14 to 16.
The carrier second-harmonic drain impedance has a negative
real part, whereas the peaking second-harmonic drain
impedance has a positive part.

To further demonstrate the effect of second-harmonic
injection, the simulated real part of Z_. at 2f_ and Zn at 2f_
versus frequency 1s shown in FIG. 6. The real part of carrier
device 104 1s negative, whereas the real part of the peaking
device 106 1s positive over the entire operating frequency

range.
FIG. 7 shows the harmonic injection network (HIN) 700

of the DPA 100 of FIG. 1 in one embodiment of the
invention. The HIN 700 includes a harmonic extracting
circuit (HEC) 702 and a second-harmonic injection offset
line (“offset line 277) 704.

FIG. 8 illustrates the geometry and operating principle of
the HEC 702 for low and high frequencies in one embodi-
ment of the invention. As shown 1n FIG. 7, the HEC 702
includes two transmission lines (TL, 706 and TL, 708)
connected by a coupling line shorted to ground. A bypass
element 710, 1n the form of a capacitor (C ) 1n this embodi-
ment, 1s connected directly between the first 706 and second
708 transmission lines. The bypass element 710 1s arranged
1in parallel with the coupling line. In this example, TL, 706
and TL., 708 are feed lines for the input and output port. The

coupling line, 1.e., the shorted-coupled line, 1s defined as a
two-node connection network, where the inner side of Node

A 712 and Node B 714 are connected to capacitor (C_ ). On
the other side, Node A 712 and Node B 714 are also
connected to the mput-output feed lines, respectively. As
shown 1 FIG. 8, the long axis of the transmission lines
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TL, 706 and TL., 708 are aligned. The coupling lines include
a first portion extending perpendicularly from the first
transmission line TL;, 706 and a second portion extending
perpendicularly from the second transmission line TL, 708,
and a third portion arranged between the first and second
portions and connected to ground. The long axes of the first
and second portions are, 1n general, parallel.

In this embodiment, the odd-mode ABCD matrix of a
shorted-coupled line can be expressed as

[A B] _[ 1 0] (24)
C D], |—jYcotth 1

while the even-mode ABCD matrix of this shorted-coupled
line can be expressed as

4 B 1 0 (25)
[C D]mn B [—j}’lemtﬁl 1 ]

where 0, 1s the electrical length of end short-circuited
coupled line.

At low frequency, the impedance between Node A 706
and Node B 708 1s relatively large because of the stopband
characteristics of the capacitor. Under this condition, the
corresponding even/odd mode S-parameters of the defined
two-port network are

jcott jecotth (26)
S1le = . 110 = .
2 — jcott) 2 — jcotth
. . y (27)
e ™o jcott ) — jcotth
The S-parameters can be calculated as
jcotty (28)

1
(921 —921,) =0

S — S = -
1 2 —jeotdy T2

1
= (311 +S110) =
2( 11e T 911a)

which shows that the HEC 702 has a stopband frequency
response at the low frequency.

At high frequency, the impedance between Node A 712
and Node B 714 decreases to a relatively small value, which
results 1n the signal being shorted by the path between Node
A 712 and Node B 714. Consequently, the high-frequency
signal transfers directly from TL; 706 to TL, 708 through
C,_, 1.e., bypassing the coupling line.

To verity the performance of HEC 702 construction of
FIGS. 7 and 8, the full-wave simulated frequency response
of the HEC 702 was tested 1n a 502 system. The frequency
response 1s shown 1n S-parameter graph of FIG. 9A and on
the smith chart of FIG. 9B. The second-harmonic 1njection
offset line (“offset line 27) 1s cascaded and arranged to
satisfy the 180° phase requirement of the whole HIN.

The DPA 100 of the present embodiment includes the
input side network, the load modulation network (including
2 FlIs, an offset line, and a HIN), and the PMN. The
following presents a four steps design procedure for sys-
tematically designing a DPA of one embodiment of the
invention. In this example, the circuit 1s designed using
Rogers substrate 4003C (¢,=3.38 and h=0.813 mm).

The first step of the design procedure imnvolves designing
the mput side network. The mput side network of the DPA
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in one embedment of the invention includes, as described
above, the IPS, OL, IMNs, drain bias, and stabilization
networks. The exemplary dimensions and construction of
the 1nput side network are shown 1n FIG. 10.

In this example, the input side network 1s similar to the
conventional mput networks used for DPAs. Similarly, the
LLC SN should be tuned properly to realize stable operating
conditions and flatness of small signal gain within the
operating frequency.

With the aid of offset line before the IMN of the carrier
device, the gate excitation signal between carrier and peak-
ing 1s at phase quadrature. Also, a 180° phase difference at
the second harmonic (shown 1n FIG. 11) 1s required for the
harmonic 1njection technique.

The second step of the design procedure involves design-
ing the fundamental impedance 1inverter and the offset line 1n
the load modulation network. Before designing of FII, the
optimal drain impedance of carrier (Z_.,,,) and peaking
(Z,, sz} device should be obtained using load pull which was
performed using Keysight ADS simulation software. From
the variation trend of the optimal impedances required by
the carrier PA 1n J. Pang, S. He, C. Huang, Z. Dai, J. Peng,
and F. You, “A post-maiching Doherty power amplifier
emploving low-order impedance inverters for broadband
applications,” IEEE Trans. Microw. Theory Techn., vol. 63,
no. 12, pp. 4061-4071, December 2013., the Doherty region
requires a kind of impedance transformation which keeps
the real part mvariant while making the imaginary part
decrease as seen within the package. To achieve this, the
carrier FII adopts the L-type configuration, which can be
considered as an LC tank equivalent circuit, shown in FIG.
12. The Z . 1s expressed as

1 (29)

1
wC + —
Jb TS

Lo = jwl +

This expression can be expanded to 1ts real and 1maginary
parts as

z (30)

R ( wC
— ‘|‘jﬂ) —_
2. 22 1
l + Rw*C wgcg_i_

RZ

Considering the load modulation leads to R_. changing
from R, (back off) to (1+0)R, (saturation) and that 1t 1s
required that the real part of Z . does not change at ®_, we
have

Ry

1 + REwiC*

(1 +@)R;
1+ ((1 + )R wiC?

31)

From equation (31), ®, 1s calculated as

| | (32)
YV a+ a)C*R?
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Therefore, the real partof Z_. __, at ®_has arelationship of R,

and o

C.S5at

Ri(l +a)
2+

(33)

Re {Zc,sm‘ } —

Based on the above, the value of C can be determined by
equation (32) and L should be tuned to an appropriate value
based on load-pull data.

For the peaking device with L-type FII, i1t will suffer from
the impedance transformation ratio (TR) of R, . /Z .
Thus, offset line 1 1s introduced to connect two Flls for
signal combining. Theoretically, the electrical length of
offset line 1 should be 90° at f_ to compensate for the phase
difference between the two signal paths. The impedance of
offset line 1 (Z,4,,,) should be equal to R, in order to

avold power loss. According to equation (10), Z .., can be
expressed as

Z,goi1=R =(1+1/0)R,

,5at

(34)

The third step of the design procedure involves designing
the harmonic injection network in the load modulation
network. First, the phase requirement for the HIN 1s theo-
retically 180°. However, due to internal parasitic effects of
the carrier and peaking devices, the HIN phase shift deviates
from this 1n practice. Second, the capacitor (C ) should be
selected with a high-Q factor to minimize power loss. One
example of the capacitor (C ) 1s the muRata GQM 18 series
capacitor. Third, the impedance of offset line 2 should be
chosen carefully. This 1s because the larger insertion loss of
second harmonic 1s obtained with high impedance, while the
undesirable fundamental leakage 1s caused by low 1mped-
ance. Eventually, the length 1 should be further tuned when
HIN 1s integrated into the post-matching DPA topology for
stopping the fundamental components. The simulated phase
shift of the HIN 1n a 50€ system 1s shown in FIG. 13.

As the HIN 1n this embodiment adopts a “low-pass filter
with offset line” type configuration, this results in the large
phase slope variation, which limits the effective 180° phase
condition to a narrowband and consequently, that of the DPA
of the present embodiment.

By the end of step 3, the entire load modulation network
has been fabricated and 1ts dimensions 1n one embodiment
are shown 1n FIG. 14.

The detailled equivalent circuit of the proposed load
modulation network 1s shown 1n FIG. 15. The carrier- and
peaking-impedance inverter can be considered to be an LLC
circuit (L.,=2 nH, C,=2.7 pF, L,=2.4 nH, and C,=3 pF,
respectively). Whereas, the fundamental and second-har-
monic offset lines (offset line 1, offset line 2, and offset line
2") are equivalent with the inductors as 7, 4, and 0.3 nH,
respectively. For the HEC, the equivalent even/odd mode
impedance and electrical length of shorted-coupled line are
84.7€), 49.77€2, and 38.1°, which 1s paralleled with a capaci-
tor (C_=1 pF).
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The final, fourth step of the design procedure 1nvolves
designing the post-matching network. In this embodiment, a
conventional, high-order low-pass topology 1s adopted for
the PMN (shown in FIG. 16). Its main function 1s for
maximum power transfer of the combined signal to the 50£)
system load (R ). T, of the PMN can be expressed as

Ir=R/Rcn (35)

After all the four steps in the design procedures are
completed, a post-matching DPA with extended back-off
region 1n one embodiment of the invention can be achieved.
Photographs of the DPA so fabricated and the test bench are
shown 1 FIGS. 17 and 18 respectively.

For comparison, a post-matching DPA with the same
asymmeftrical drain bias configuration but without a HIN
was designed and simulated for use as reference. The
reference case should have a R, same as the simulation
results for the DPA of the present embodiment. Both load
conditions of the reference DPA at back-off point and
saturation should be equal to equations (6)-(12). Namely, the
reference case should have the same back-off efficiency and
back-off output power as the DPA of the present embodi-
ment. With this arrangement, their back-off value, power
utilization factor, and drain waveforms can be fairly com-
pared. The reference case uses an i1dentical mput side and
PMN as that of the DPA of the present embodiment.

Simulated carrier and peaking output power of the refer-
ence DPA and of the DPA of the present embodiment are
shown 1n FIG. 19, to more clearly demonstrate the increased
output power of the DPA of the present embodiment. For the
DPA of the present embodiment (with HIN; carrier: 20 V,
peaking: 28 V), the P, , and P, . are 13 and 9.6 W, and
Pyociope 15 2.25 W, leading to an o value of 1.354 and a [3,
value of 4.174, while for the reference DPA, the P and

sat.p

P, ,are 82and 6 Wand P, ,+.18 1.8 W, resulting 1n an
o value of 1.36 and a [, value of 3.33.

To better clarify the contributions of the invention, an
ideal 6-dB DPA 1s also introduced. In Table I below, the
OBO enhancement of the DPA of the present embodiment
can be observed (9.92 dB versus 8.95 dB versus 6 dB). This
substantial back-off improvement 1s closely related to the
larger value of B, (4.174 versus 3.33 versus 2). This is
because 1n the DPA of the present embodiment, the carrier
device (under 20-V drain bias) can generate a higher P,
compared with the reference case, while P, .- 1s almost
unchanged. Meanwhile, the o value of the DPA 1n the
present embodiment remains unchanged when compared
with the typical asymmetrical drain biased DPA (1.334
versus 1.36 versus 1). This benefits from both power
enhancement of carrier and peaking device (13/9.6 versus
8.2/6). In short, the asymmetrical drain bias configuration
extends the back-off region from 6 to 8.95 dB by increased
o.. After that, the HIN 1n the DPA of the present embodiment
further enlarges the value of [, while maintain the same
value of o. As a result, further back-off extension from &8.95

to 9.92 dB can be achieved.

TABLE 1

PARAMETERS OF OBO RANGE IN FIG. 19

Case

Ideal 6 dB case

Reference case
(Without HIN)

Drain bias o' B, OBO (dB)?
Carrier: 28 V 1 2 6
Peaking: 28 V

Carrier: 20 V 1.36 3.33 8.95

Peaking: 28 V. (8.2 W/6 W) (6 W/1.8 W)



US 11,601,095 B2

15
TABLE 1-continued

PARAMETERS OF OBO RANGE IN FIG. 19

16

Case Drain bias ol B/
Proposed case Carrier: 20 V 1.354 4.174

(With HIN) Peaking: 28 V (13 W/9.6 W) (9.6 W/2.25 W)
f; Peatp/Psare

zl?)d: Psar._,c/P hack-off ¢
30BO range: 10 log[(1 + c)fBy]

The simulated drain efliciency (DE) versus output power
at 10 for the three cases 1s shown in FIG. 20. With the

dual-harmonic injection technique of the present embodi-
ment, the back-off region of the DPA of the present embodi-
ment 1s extended to 10 dB and an increase 1n efliciency at
saturation 1s achieved.

Based on the circuit dimensions mentioned above (for the
present embodiment and for the reference case), the de-
embedding of a commercial large-signal model of
CGH40010F (shown in FIG. 21) 1s utilized to obtain the
intrinsic drain wavelorms of carrier and peaking devices at
saturation. Intrinsic drain waveform of the reference DPA

and DPA of the present embodiment 1s shown 1n FIGS. 22A
and 22B.

For the reference case, the voltage amplitude of the carrier
device does not exceed 40 V because of 1ts lower drain bias
(20 V). The carrnier current amplitude has a rectangle shape
due to operation 1n deep saturation. The peaking device (28
V) exhibits a nonlinear current bifurcation due to 1ts class-C
bias. For the DPA of the present embodiment, the phase
oflset between carrier drain current and voltage waveform 1s
separated because of the negative Re{Z__,, at 2f }. In other
words, the carrier device operates like a “class-J” PA at
saturation. Consequently, the overlap between voltage and
current 1s decreased and this enhances efliciency. The
enhanced voltage and current amplitude generates an addi-
tional fundamental power compared with the reference DPA.
Also, the peaking voltage and current amplitude can be
modulated at a higher level and the current bifurcation
remains because of 1ts class-C bias. Hence, the fundamental
output power will be increased. As can be expected, the
saturated efliciency of the DPA of the present embodiment
will be higher than the conventional AB-C DPA because of
the enhanced higher efliciency.

To demonstrate the mmprovement of the DPA of the
present embodiment, simulated saturated power of the ref-
erence DPA and the DPA of the present embodiment at
different frequencies 1s shown compared 1n FIG. 23. Com-
pared with the reference DPA, output power of the DPA of
the present embodiment 1s enhanced. It can be observed that
the DPA of the present embodiment sacrifices bandwidth.
Considering that the invention focuses mainly on the exten-
sion of back-ofl region and designed for WCDMA systems
(narrowband system), a sacrifice in bandwidth 1s acceptable.

To verily the theoretical analysis mentioned in equations
(6)-(12), stmulated load conditions of the DPA of the present
embodiment at back-ofl point and saturation within the

entire operating frequency are shown in FIG. 24, respec-
tively. The R, 1.o» Resan and R tollow their relation-
ship about .. Meanwhile, Rz, R 4 o107 and Ry, are
always located near the open circuit as seen on the Smith
chart to stop the fundamental components.

FI1G. 25 1llustrates the simulated second-harmonic carrier
and peaking output power versus mput power for the DPA

of the present embodiment. The results show that the second
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harmonic of the peaking device 1s much larger than that of
the carrier as input power increases.

Finally, carrier and peaking intrinsic drain impedance
trajectories of the DPA of the present embodiment (funda-
mental and second harmonic) at different input power levels
1s shown 1 FIGS. 26A and 26B. As the proposed HIN

introduces a mismatch at the fundamental frequency, the
load modulation behavior cannot be satisfied perfectly over
the entire operating frequency range. However, the intrinsic
drain 1mpedance behaviors can still be controlled to within
an acceptable range. In terms of the second harmonic, with
increasing mput power, the real part of Z . at 21_ goes 1nto the
negative impedance region and remains there even up the
saturation. While for Z  at 21, the impedance always has a
positive real part.

To demonstrate the feasibility of the DPA topology of the
above embodiments, a DPA using self-generated second-
harmonic injection 1s implemented. The carrier (IDQ=60
mA) and peaking devices (biased at -3.8 V) are imple-
mented suing identical 10-W GaN HEMT CGH40010 from
Cree. Asymmetric drain bias 1s 20 V for carrier device and
28 V for peaking device, respectively. Simulated and mea-
sured small signal performances of the DPA of the present
embodiment are shown 1n FIG. 27.

Measured DEs versus output power over the entire oper-
ating frequency range are shown in FIG. 28. As shown 1n
FI1G. 28, at 10-dB back off, efliciencies of at least 46% can
be obtained from 1.6 to 1.9 GHz, which corresponds to a
bandwidth of 17.1%. The saturated DE ranges {from 78.3%
to 83%. Also shown in FIG. 28, the first efliciency peak in
the DPA of the present embodiment 1s not so obvious. This
1s because the saturated efliciency of the DPA of the present
embodiment exceeds 80%, which results in the diminished
visibility of Doherty behavior.

Measured gain with respect to the output power 1s shown
in FIG. 29. The gain decreases from 11 to 9.9 dB with
varying output power with the compression point at satura-
tion 1s less than 2.6 dB over the operating frequency band.
A variation 1n gain can be observed, which 1s mainly due to
two reasons. The first 1s that a lower carrier drain bias leads
to an overdriven carrier device at the back-ofl point. Inevi-
tably, the gain 1s compressed. The second reason 1s that both
harmonic 1njection only occurs from back-ofl point to satu-
ration, which results 1n a faster growth 1n output power.
Correspondingly, the gain increases sharply after the back-
ofl point.

Due to the limited accuracy of the peaking amplifier
simulation, the power from the peaking device 1s lower than
the expected result. Moreover, the measured small signal
gain (shown in FIG. 27) 1s slightly lower than simulation.
This 1s because the transistor simulation model cannot
provide the best accuracy with the drain bias used (20 V)
which 1s different from the specified drain voltage (28 V).
Consequently, the carrier device power at saturation 1s lower
than that obtained from simulation. Although the measured
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saturated output power 1s lower than the simulation result, 1t
1s still within an acceptable range over the entire operating
frequency. The simulated and measured saturated output
power versus frequency 1s shown in FIG. 30.

To test the linearity of the DPA of the present embodi- 5
ment, measurements were done using a WCDMA test signal
with PAPR of 9.6 dB. Adjacent channel power ratio (ACPR)
was measured with a channel integration bandwidth 3.84
MHz at 5 MHz oflset using the Agilent CXA Signal Ana-
lyzer N9OOOA. As the ACPRs in both upper and lower bands 10
are similar, only one of them (lower) 1s shown 1n FIG. 31.
ACPR performance of the DPA of the present embodiment
was better than -32 dBc at back off and 20 dBc at
saturation from 1.6 to 1.9 GHz. The average efliciency 1s
shown m FIG. 31. The average DE at 32.2 dBm (10-dB 15
back-ofl point of CW measurement) 1s better than 46.5%,
which 1s the same as results obtained with CW excitation.
Average DE at 40 dBm (saturation) 1s better than 66%,
which 1s similar to that obtained under CW excitation.

FI1G. 32 shows the power spectral density of the DPA of 20
the present embodiment at a center frequency of 1.75 GHz.
The DPA of the present embodiment amplifier was linear-
1zed by using digital pre-distortion (DPD) technique based
on the dynamic deviation reduction Volterra series as pre-
sented 1 A. Zhu, J. C. Pedro, and T. J. Brazil, “Dynramic 25
deviation rveduction based Volterra behavioral modeling of
RE power amplifiers,” IEEE Trans. Micvow. Theory Techn.,
vol. 54, no. 12, pp. 4323-4332, December 2006. In particu-
lar, the static nonlinearity order 1s set to 9, kernel order 1s
setting to 3 with memory depth of 5, and dynamic nonlin- 30
carity order set to 1. For the test, the linearization 1s done at
back-ofl output power (32.2 dBm). After linearization, the
DPA gave better than -53.3 dBc at back ofl, which 1s an

improvement of at least 21.3 dB.
The DPA of the above embodiments exhibit a wide 35

back-ofl range. It can be observed that 46% efliciency at
10-dB back off can be achieved over 1.6-1.9 GHz with the
DPA of the present embodiment. Furthermore, the DPA of
the present embodiment has a high saturated efliciency. The
DPA of the present embodiment also exhibits a strong ACPR 40
performance at 10-dB back-ofl irrespective of the DPD
technique applied. Overall, the DPA of the present embodi-
ment exhibits a good combined performance 1n terms of
back-ofl range, power utilization factor and ACPR perior-
mance no matter what DPD technique 1s used. 45
The above embodiments of the imnvention provide a DPA,
in particular a asymmetrical drain biased post-matching
DPA, based on the self-generated harmonic injection. By
integrating an HIN between the carrier and peaking branch,
the self-generated second harmonic can be 1njected 1nto the 50
drain of the other device. Wavetorm amplitude modulation
can be achieved 1n both carrier and peaking devices, which
results 1n the enhancement of saturated power for both
carrier and peaking devices, while the carrier back-ofl power
remains unchanged. Consequently, the higher value of [, 55
(power ratio between the carrier saturated output power and
carrier back-oil power) can be achieved while maintaining
the same a (saturated power ratio between the peaking and
carrier device). This results 1n an extended back-ofl range
(10 dB), higher power utilization factor, and higher saturated 60
clliciency for the DPA of the present embodiment. Embodi-
ment of the DPA of the mvention can provide extended
Doherty range, enhancement 1n power utilization factor, and
improved saturated etliciency, which are suitable for use 1n
wireless communication system. In the above embodiments, 65
the 1increased power ratio between the back-ofl and satura-
tion of the carrier device 1s mainly due to the fact that
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cllective dual harmonic injection occurs only after the
back-ofl point; the unchanged power ratio between the main
and auxiliary (*carrier and peaking) device at saturation 1s
primarily due to enhancement 1n power 1n each of the main
and auxiliary devices with the dual harmonic injection
technique.

Embodiments of the invention provide various advan-
tages, such as:

1) The DPA of the above embodiments has a wide back-off

region (up to 10 dB), which can satisiy the peak power to

average ratios requirement for most of standard modu-

lated signals 1n wireless communication systems.

2) Due to waveform amplitude modulation as a result of the
dual harmonic injection technique, the saturated output
power of the DPA of the above embodiments 1s 1increased.

3) Due to waveform amplitude modulation as a result of the
dual harmonic injection technique, the saturated efli-
ciency ol the DPA of the above embodiments 1s increased.

4) The principle and realization behind this back-ofl exten-
sion of the present invention 1s very simple yet eflicient:
the introduction of a harmonic mjection network 1s prac-
tically realized by selecting a configuration with a high
pass characteristic plus an offset line.

5) The technique provided in the above embodiments 1s also
suitable for high power applications (such as 100 watts),
which means that this technique 1s applicable for other
high power industrial or commercial applications such as
broadcasting.

It will be appreciated by persons skilled 1n the art that the
term “network™ or the like 1n the above can also be called a
circuit or circuit part, which can be form by any combination
of transmission line, transmission line portions, or other
active or inactive electronic circuit components; the term
“offset line” can also be called an “oflset transmission line”.
Unless otherwise specified, the term “‘connected”,
“engaged”, “coupled with/to”, or the like, may refer to both
direct and indirect connection, engagement, coupling, etc.
The expression “Doherty power amplifier circuit” 1s used to
refer to a “Doherty power amplifier” or any parts of 1t.

Numerous variations and/or modifications may be made
to the mvention as shown in the specific embodiments
without departing from the spirit or scope of the invention as
broadly described. The present embodiments are, therefore,
to be considered, 1n all respects, illustrative and not restric-
tive. For example, the form and dimension of the Doherty
power amplifier circuit may vary for different applications.
The mput side network, biasing network, load modulation
network, and post-matching network illustrated in FIG. 1
can be of other form and construction, for different appli-
cations. The Doherty power amplifier circuit 1s preferably of
asymmetrical DPA configuration, but in some cases, 1t can
be a symmetrical DPA or a multi-way DPA configuration.
The harmonic ijection circuit can be of any topology with
high pass or band pass frequency response. The use of main
and auxiliary power amplification devices can be of any type
and for different power applications. The harmonic extract-
ing circuit in the harmonic injection network can be of
different constructions. For example, the bypass element
need not be a single capacitor, but be constructed of other
high pass element.

The mvention claimed 1s:

1. A Doherty power amplifier circuit, comprising:

a main power amplification device;

an auxiliary power amplification device arranged 1n par-
allel with the main power amplification device; and
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a load modulation circuit comprising a harmonic 1njection
circuit connected with respective outputs of the main
power amplification device and the auxiliary power
amplification device,

wherein the harmonic injection circuit i1s arranged to
transier harmonic components generated at the main
power amplification device to the auxihiary power
amplification device and transfer harmonic components
generated at the auxiliary power amplification device to
the main power amplification device, when both the
main and auxiliary power amplification devices are
operating, for modulating the respective outputs of the
main power amplification device and the auxiliary
power amplification device.

2. The Doherty power amplifier circuit of claim 1,
wherein the main power amplification device and the aux-
1liary power amplification device are the only power ampli-
fication devices in the Doherty power amplifier circuit.

3. The Doherty power amplifier circuit of claim 1,
wherein the harmonic components generated at the main
power amplification device comprises second-harmonic
components.

4. The Doherty power amplifier circuit of claim 3,
wherein the second-harmonic components generated at the
main power amplification device only flow into the har-
monic njection circuit.

5. The Doherty power amplifier circuit of claim 1,
wherein the harmonic components generated at the auxiliary
power amplification device comprises second-harmonic
components.

6. The Doherty power amplifier circuit of claim 5,
wherein the second-harmonic components generated at the
auxiliary power amplification device only flow into the
harmonic 1njection circuit.

7. The Doherty power amplifier circuit of claim 3,
wherein the harmonic injection circuit 1s arranged to provide
a 180° phase shiit for the second-harmonic components.

8. The Doherty power amplifier circuit of claim 1,
wherein the harmonic 1njection circuit comprises:

a harmonic extraction circuit for selectively enabling
transier of the harmonic components through the har-
monic 1njection circuit; and

an ollset transmission line for aflecting the phase of the
harmonic components during transier.

9. The Doherty power amplifier circuit of claim 8,

wherein the harmonic extraction circuit comprises:

a first transmission line;

a second transmission line arranged in series with the first
transmission line;

a coupling transmission line arranged between the first
and second transmission lines; and

a bypass element arranged to selectively enable direct
transier of harmonic components between the first and
second transmission lines.

10. The Doherty power amplifier circuit of claim 9,
wherein a central long axis of the first transmission line and
a central long axis of the second transmission line are
collinear.

11. The Doherty power amplifier circuit of claim 9,
wherein the first transmission line, the second transmission
line, the coupling transmission line and the offset transmis-
sion line form a continuous transmission line.

12. The Doherty power amplifier circuit of claim 9,
wherein the first transmission line, the second transmission
line, the coupling transmission line and the offset transmis-
sion line have the same width.
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13. The Doherty power amplifier circuit of claim 9,
wherein the coupling transmission line 1s grounded.
14. The Doherty power amplifier circuit of claim 9,
wherein the coupling transmission line comprises:
a first portion arranged to extend perpendicular to the first
transmission line;
a second portion arranged to extend perpendicular to the
second transmission line; and
a third portion arranged to connect the first and second

portions.

15. The Doherty power amplifier circuit of claim 14,
wherein the first portion 1s parallel to the second portion.

16. The Doherty power amplifier circuit of claim 14,
wherein the third portion 1s grounded.

17. The Doherty power amplifier circuit of claim 9,
wherein the bypass element comprises a capacitor.

18. The Doherty power amplifier circuit of claim 7,
wherein the offset transmission line 1s arranged to introduce
an 180 phase shiit for the second-harmonic components.

19. The Doherty power amplifier circuit of claim 1,
wherein the load modulation circuit further comprises:

a first fundamental impedance inverter with an input
connected with the output of the main power amplifi-
cation device and the harmonic 1njection circuit, and an
output;

a second fundamental impedance inverter with an 1nput
connected with the output of the main power amplifi-
cation device and the harmonic 1njection circuit, and an
output; and

an oilset transmission line connected between the output
of the first fundamental impedance mverter and the
output of the second fundamental impedance nverter,
the offset transmission line 1s arranged to compensate
for the phase difference between the fundamental com-
ponents generated at the main power amplification
device and the fundamental components generated at
the auxiliary power amplification device.

20. The Doherty power amplifier circuit of claim 19,
wherein the first and second fundamental impedance 1nvert-
ers each form an LC-tank-equivalent circuit.

21. The Doherty power amplifier circuit of claim 1,
wherein the Doherty power amplifier circuit 1s an asym-
metrically Doherty power amplifier circuit in which the
auxiliary power amplification device has a higher power
capability than the main power amplification device.

22. The Doherty power amplifier circuit of claim 1,
wherein the main power amplification device comprises a
transistor biased to operate 1n Class AB mode.

23. The Doherty power amplifier circuit of claim 1,
wherein the auxiliary power amplification device comprises
a transistor biased to operate in Class C mode.

24. An electronic device comprising the Doherty power
amplifier circuit of claim 1.

25. An electronic system comprising the Doherty power
amplifier circuit of claim 1.

26. The Doherty power amplifier circuit of claim 3,
wherein the harmonic 1injection circuit 1s arranged to provide
a 180° phase shift for the second-harmonic components.

27. The Doherty power amplifier circuit of claim 1,
wherein the harmonic components generated at the main
power amplification device comprise second-harmonic com-
ponents; and wherein the harmonic components generated at
the auxiliary power amplification device comprise second-
harmonic components.
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